Abstract: A complex interwoven relationship exists between water resources and urbanization, which is of much interest in international water science research. To study the urban development in large cities facing water deficiency problems, it is important to identify rational thresholds of urbanization to achieve optimal utilization of limited water resources, and to promote sustainable economic and population growth and social development. A multi-objective optimization model is proposed to search for the optimal scale of urbanization of large cities with limited water resources. To solve a large-dimensional multi-objective optimization problem, the non-dominated sorting genetic algorithm (NSGA-II) is improved to the OENSGA-II based on the orthogonal generation method and the E-optimality method and applied to a typical arid city, Xi'an of China, which underwent rapid urbanization in recent years. For Xi'an, a statistically significant positive correlation is found between urbanization rate (U r ) and gross domestic product (GDP), domestic water, tertiary industry water, and ecological water. However, U r is negatively correlated with the primary industry water. If the current urbanization trend continues, the water resources available are far from sufficient to support the future city of Xi'an. In this work, it was found that, by implementing restrictive water resources management and water saving measures, the economic threshold of Xi'an could be raised to 1890.3 and 2403.3 billion yuan, while the population threshold could be raised to 11.0 and 13.9 million, and U r to 79.9% and 85.9% in 2020 and 2030, respectively. The corresponding maximum urban area to be constructed based on the projected population will be 964.81 and 1197.6 km 2 in those years. It will be prudent for Xi'an to practice strict water resource management, and to allocate its water resources among various water sectors effectively and equitably to avoid major water shortage problems in the future.
Introduction
According to the Global Risk Report of the World Economic Forum (2017) [1, 2] , water crisis was identified as one of the top five global risks in terms of impact on society for the seventh consecutive year since 2011, ahead of climate change, extreme weather events, food crises, and social instability. Water resources play an important role in the development of any urban river basin because it is a major driver behind man's economic and social expediency, and it is essential in the habitability of the urban area [3] . Hence, the occurrence of any water crisis, especially in a large area over a prolonged period, will inevitably affect the urban development and the livelihood of its residents. In many countries across the world, especially among developing countries, water resources are developed efficiency were discussed. Finally, three schemes with diverse water constraints were put forward to compare the city scale in current and future years. This study is expected to contribute to more effective water resource management and the optimal development of urban developing in water-scarce cities. Moreover, it is also expected that this study could attract the attention of the urban cities which pertinaciously chase after better economic benefits and blindly expand the urban scale regardless of water scarcity.
Study Area and Data

Overview of Xi'an
As the largest central city of northwestern China, Xi'an is a typical city facing severe water shortages ( Figure 1 ). Xi'an has 13 administrative regions, including 11 districts and 2 counties, with a total area of 10,108 km 2 . Among them, seven districts are located in the downtown area in Xi'an, and four districts and two counties lay in the remaining areas. At present, the per capita water resources in Xi'an are about 235 m 3 , only 1/7.5 of the national average of China (2086 m 3 ), which is well below the internationally accepted absolute water scarcity level (<500 m 3 per year per capita). With the rapid expansion of various cities across China, the economic and social development of China became increasingly dependent on water resources. At present, the development and utilization of surface water in Xi'an is 41.56%, which surpasses the internationally recommended surface water resource development and utilization upper cordon. About 98.68% of groundwater resources are exploited, which is not sustainable, as it far exceeds the rate of replacement of groundwater resources. There is no new source of groundwater to exploit. contribute to more effective water resource management and the optimal development of urban developing in water-scarce cities. Moreover, it is also expected that this study could attract the attention of the urban cities which pertinaciously chase after better economic benefits and blindly expand the urban scale regardless of water scarcity.
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As a result, in the context of rapid urbanization, water resource issues are becoming more and more crucial, especially in Xi'an which is a city suffering from water shortage problems, which is a bottleneck in the sustainable development of Xi'an.
Data Sources
In this study, the data of the study case include the administrative division, economy (GDP, three-industry added value, and population), water resource utilization (total water resources, domestic water, three-industry water consumption, ecological water consumption, and 10 4 industrial output value water consumption), agriculture (cultivated land area and grain yield), water pollution (sewage discharge coefficient, sewage discharge concentration, and sewage treatment capacity), land use (urban built-up area), and socio-economic development planning indicators and water resources management indicators.
Data on administrative division, economic development, population, agriculture, and land use were from the Xi'an Statistics Bureau . Data on water consumption of five water use sectors were from the Xi'an Water Resources Bureau (1980 Bureau ( -2016 and the Xi'an Statistics Bureau . Data on total available water and water consumption of the 10 4 yuan industrial output value were from the Shaanxi Province Water Resources Bureau (1980 Bureau ( -2016 and the Shaanxi Province Statistical Bureau . Data on sewage discharge were from the Xi'an Statistics Bureau , and the data of Sewage discharge coefficient and sewage treatment capacity were from the water resources section in the master plan of Xi'an City.
The social and economic development planning indicators are from 12th and 13th Five-Year Plans on the Economy, Society, and Development of Xi'an City. The population data for planning years were from the "Population Development Plan (2016-2030)". The indices of domestic water quota and industrial water saving quota were from "the Water Quota of Shaanxi Province" and "the standard of water quantity for city's residential use". The cultivated area index in planning year were from land-use comprehensive planning in Xi'an. The land-use indicators, such as the control area of arable land and the scale of construction land, were from the overall planning of land use in Xi'an city (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) (2019) (2020) . The main water use control index of Xi'an in various industries was from the implementation plan of the strictest water resource management system of Xi'an, research on the control index of water efficiency in the district of Shaanxi Province (2015-2030), and opinions of the State Council on the implementation of the strictest water resource management system (2015-2030).
Research Methodology
Multi-Objective Optimization Model
The primary objective of the multi-objective model developed in this study was to determine the optimal thresholds of urbanization. Four sub-functions of maximizing economic benefits (EB), maximizing population (POP), maximizing food production (FP), and minimizing pollutant emissions (PE) were selected to guide the scale of urban development comprehensively. The total water resource consumption ∑ m,n,i X i m,n accounts for the water consumption of n key aspects of urban development: industrial water of three industries (primary, secondary and tertiary sector), domestic water, and ecological water (n ∈ [1, · · · , 5]). Total i water sources (i ∈ [1, · · · , i]) and m regions (m ∈ [1, · · · , 13]) form the city's water distribution network.
The model can be generally expressed as
where A (hm 2 ) is available arable land, j denotes the quantity of crops in irrigable field, and k represents the number of crops in paddy field. The specific sub-functions are as follows:
where UI (yuan/ m 3 ) denotes the unit economic benefit per m 3 of water consumption by water users, while UC (yuan/ m 3 ) denotes the cost associated with a unit of water consumption, POP urban represents the urban population, τ 0 (ton/hm 2 ) is the grain yield of irrigated crops and paddy field crops, p m n is the sewage discharge coefficient, and d m n is the concentration of pollutants in the sewage. POP urban was deduced by the application of a two-dimensional theory proposed by Zhao et al. (2009) [27] , which assesses the urban population based on water quantity and quality. In the two-dimensional theory, the population threshold is described as
where c 1 , c 2 are the urban population related to certain water quantity and quality attributes, respectively; p w (t) is the minimum between c 1 , c 2 , which represents the population threshold; w n (10 4 m 3 ) denotes the amount of available water resources; q u (t) (m 3 /per) is the water consumption per urban resident; w c (10 4 m 3 ) represents capacity of river self-purification, which is related to the upper limit of total sewage discharged in the basin; and s u (t) (m 3 /per) is the amount of per capita sewage discharge. The objective function is restricted by the physical constraints. The total water consumption is limited to within the total amount of water available Q t , which is the minimum of the natural available water resources (Q ta ) and the total water-use control indicator (Q ci ) (Equations (7) and (8)). ω is the irrigation quota for per unit area of farmland (m 3 /hm 2 ) and η(t) denotes the utilization efficiency of agricultural water. According to the water right of local agriculture, the general irrigation water would not be permitted to be greater than that of the primary industry (Equation (9)). The EB of the city is between the maximum and the minimum of projected GDP; the total population POP of the city is between the maximum and the minimum of the projected population (Equations (10) and (11)). The projection is obtained by an exponential smoothing method fitted to historical data. R is the maximum capacity of sewage discharge that is sustainable environmentally. If the restriction on sewage discharge is not followed, the water self-purification ability of the system will not be able to achieve the water quality required, which would lead to contamination of the available water resources, and its sustainable and desired utilization. The constraints can be described as follows:
minGDP ≤ EB(X m,n,i ) ≤ maxGDP;
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The final constraints are variables that represent non-negative constraints.
OENSGA-II Optimization Algorithm
NSGA-II is an effective, multi-objective optimization algorithm developed by Deb et al. [24] . However, it may suffer from potential premature convergence to a local rather than a global optimum solution. In this paper, we propose a new method to improve the performance of the NSGA-II algorithm, known as the OENSGA-II algorithm. The key improvement mainly includes the initial population orthogonal generation method and E-optimality.
This population orthogonal generation method can generate an initial population of points scattered uniformly over the feasible solution space. Leung et al. [28] initialized the population by designing orthogonal matrices in a genetic algorithm (GA), so that individuals in the population would distribute over the total search space evenly and improve the effectiveness of the algorithm. The method can reduce the number of experiments significantly and can still achieve superior results. This approach was proven to be efficient and, therefore, it was widely used in many fields [29, 30] . Details of the procedures are given in Leung et al. [28] .
The concept of E-optimality, proposed by Reference [31] for multi-objective optimization, not only considers the difference in the number of superior and inferior objectives between two feasible solutions, but it also considers the values of improved objective functions underlying the hypothesis that all objectives in the problem have equal importance. Numerical experiments show that the definition of E-optimality is better than that of the Pareto optimality when more than three objective functions are involved [31] .
In this study, the E-optimality is a selection strategy to judge the pros and cons of different choices as the optimal solution. By combining the population orthogonal generation method and E-optimality, the proposed OE-strategy is designed to improve the performance of NSGA-II, named herein as OENSGA-II, shown in Figure 2 .
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Flow chart of non-dominated sorting genetic algorithm (NSGA-II) based on the orthogonal generation method and the E-optimality method (OENSGA-II).
Scenario Setting
Xi'an was selected as a typical city in this study. According to the urban planning of Xi'an, measures including water conservation plans, new water supply projects, urban water transfer projects, etc. will be implemented in the near future. On the basis of the actual status of Xi'an, the proposed optimization scenarios described below were considered.
Natural development type (Scheme 1): It is assumed that Xi'an will continue following the trend of past urban developments, irrespective of the government's development plan to strictly manage water resource systems according to the guidelines provided.
Target-oriented type (Scheme 2): The indicators required in the government's scheme in strictly managing water resource systems for economic and social development include both expected and constraint indices. In Scheme 2, constraint indicators must be completed, while expected indicators continue evolving in accordance with current trends, without the influence of any of the above constraints.
Strict constraint type (Scheme 3): Various stringent indicators representing physical water resource constraints will be implemented to achieve economic benefits, and to support the urbanization scale and the population no less than the government's targets. In Scheme 3, expected indicators are projected to be completed as constraint indicators. This scheme could also investigate the largest scale to which Xi'an can be developed realistically under the rigid, physical constraints of water availability and the required standard in water quality.
The primary indices for water utilization in Xi'an are listed in Table 1 for implementing the water resource management system and urban development of Xi'an strictly according to the government's plans. 
Results and Discussion
This section is divided into subheadings, providing a concise and precise description of the experimental results, their interpretation, and the experimental conclusions that were drawn.
Division of the Urbanization Progress
From 1952 to 2016, Xi'an's U r increased from 22.8% to 73.5%, and its population grew from 2.48 to 8.83 million. Northam [32] depicted the urbanization process as an attenuated "S" curve, which includes an initial stage, an acceleration stage, and a terminal stage. According to Northam's urbanization process theory and its urbanization characteristics, Xi'an went through all three stages ( Figure 3) . Figure 3 illustrates that the GDP, total water consumption, and industrial added value all show distinct characteristics corresponding to U r in different stages. (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) : The rate of urbanization grew to 49.96% until 1990, with an average annual growth rate of 1.38%. Second period (1991-2011): With the industrial structure being well established, the process of urbanization gradually slowed down, averaging an annual growth rate of 0.96%. At this stage, the added value of the secondary industry increased very rapidly and there was a slight decrease in total water consumption.
Terminal stage (2011 onward): As U r exceeded 70%, the city was socially well developed, its industry entered the mature stage, and water supply facilities were well established and comprehensive. The added value of the secondary industry slowed down, and that of the tertiary industry increased significantly. GDP continued growing rapidly, with a slight rise in total water consumption.
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Correlations between Urbanization Rate and Urban Water Resources
Consistent with the growth in Ur is the rapid growth of GDP. The correlation coefficient between Ur and GDP was found to be positive and statistically significant ( Table 2 ). In contrast to the findings of past studies, higher Ur does not necessarily result in more water consumption, and the relationship between water consumption and Ur is non-significant statistically. The same applies to water consumption and the secondary industry. Unlike Ur and GDP, with the development and progress of the city, the total water consumption declined from 2000-2010. In addition, the water consumption of the domestic, tertiary industry, and the ecological aspects show significant positive correlations with the growth of Ur. Specially, it is noteworthy that the primary industry water use and Ur has a highly negative correlation, which means that the lower the water consumption of the 
Consistent with the growth in U r is the rapid growth of GDP. The correlation coefficient between U r and GDP was found to be positive and statistically significant ( Table 2 ). In contrast to the findings of past studies, higher U r does not necessarily result in more water consumption, and the relationship between water consumption and U r is non-significant statistically. The same applies to water consumption and the secondary industry. Unlike U r and GDP, with the development and progress of the city, the total water consumption declined from 2000-2010. In addition, the water consumption of the domestic, tertiary industry, and the ecological aspects show significant positive correlations with the growth of U r . Specially, it is noteworthy that the primary industry water use and U r has a highly negative correlation, which means that the lower the water consumption of the primary industry, the higher the U r . Allied to this is the limited availability of water. As the water consumption of the primary industry increases, less water can be assigned to other sectors. With more economic benefits, the industry sector and the service sector are the keys to the development of urbanization. Consequently, this led to a negative correlation between primary industry water use and U r. Meanwhile, agricultural land was occupied for the expansion of industrial land and construction areas, and cultivated land area reduced year after year (from 3.3 × 10 5 hm 2 in 1991 to 2.3 × 10 5 hm 2 in 2016), which was also an important reason. In addition, the utilization rate of water resources of Xi'an fluctuated between 66.26% and 81.47% for many years, averaging at 73.09% (Table 2) , which is very high. From the beginning of the second period (acceleration stage), Xi'an began entering into a more mature stage. Therefore, its urban development and its water utilization after 1991 for the past 25 years (1991-2016) should provide a better study period for analyzing the three industrial developments and the utilization of its water resources.
Variations of Water Resource Utilization Status and Structure
The total water consumption of Xi'an did not fluctuate over a wide range in the past (Figure 4a ) because of the limitation of water available; however, consumption was extensive. The utilization of water resources fluctuated around 80% and peaked at 104.8% in 2004 (Figure 4a ). For any region, the threshold of water resource utilization can vary, but the utilization of water resources should be lower than the threshold of 50% [33] , which Xi'an far exceeds. Moreover, in 2016, 48.52% of the water consumed came from groundwater sources (Figure 4a ). Although the proportion of water drawn from groundwater sources slowed down, it is still at an unsustainable rate.
Generally speaking, the proportion of water consumption by an industry could reflect its level of development and scale of urbanization to some extent [34] . Figure 4b shows that, even though the proportion of agricultural water consumption declined noticeably in recent years, agriculture is still a major water sector in Xi'an where the agricultural water consumption in 2016 was 664.26 million m 3 or 36% of the total, compared to the 1991-2016 average of 49.2%. As the largest water-consuming sector, however, agriculture brings the lowest economic benefits to Xi'an. It should be noted that, in the future, Xi'an may mainly depend on improving the agricultural water efficiency to allocate water resources more rationally.
The limited water resources of a river basin should be allocated equitably among different water sectors and regions adapting to rapid urbanization [35] . For Xi'an, in 2016, the water consumption of the three industries, and the domestic and ecological sectors were 36.0%, 26.2%, 5.0%, 22.2%, and 10.7%, respectively, while the corresponding proportions in 1991 were 64.3%, 20.6%, 2.6%, 9.9%, and 2.6%, respectively. Therefore, the utilization of water resources changed over time between different water sectors, with the tendency of moving from sectors of low water-use efficiency to sectors of high water-use efficiency, such as from agriculture to secondary and tertiary industries. It is worth mentioning that from 1991 to 2016, the change in secondary industry water use was only 5.6%; however, the inside of the industry is quite different. In 2015 and before, the industrial development in Xi'an depended mainly on the manufacture of motor vehicles and other transportation equipment, while 2016 was a turning point at which the manufacture of computers, communication equipment, and other equipment became the largest value-added industry (Xi'an Statistics Bureau (1991-2016)). Improved technology is the main symbol of urban modernization, which coincides with the rapid development of urbanization in Xi'an. Heavy industry is gradually transforming to fine industry, and the industrial water consumption quota is also relatively reduced. The growing water consumption trends of the tertiary industry and the ecological sector show that the infrastructure and the economic structure of Xi'an are gradually developing toward a more optimized direction.
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With a higher Ur, the amount of water consumption per ten thousand yuan of GDP changed sharply from 1241.65 to 29.39 m 3 /10 4 yuan over 25 years (Figure 5b) . Similarly, the amount of water consumption per ten thousand yuan of output for the three industries of Xi'an continued declining, from 6326.43, 609.22, and 71.72 m 3 /10 4 yuan in 1991 to only 286.31, 21.96, and 2.39 m 3 /10 4 yuan in 2016. However, even though water-saving measures were effectively carried out, there is still room for further water saving. Compared to developed cities of other countries, the water consumption per ten thousand yuan GDP in Japan and the United Kingdom is 10.4 and 15.1 m 3 /10 4 yuan, respectively (water conservation planning in Beijing (2006-2020) ). The water efficiency of secondary and tertiary industries was relatively high, especially that of the latter. It seems that higher urbanization is conducive to optimizing the allocation of resources and the efficiency of resource utilization; however, at the same time, it will cause the urban water consumption to increase over time. With the lowest water consumption per ten thousand yuan output, the third industry had the 
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Optimal Thresholds for Urbanization
For the three scenarios-natural development type, target-oriented type, and strict constraint type-the multi-objective optimization model was solved using OENSGA-II. Optimal thresholds for the scale of urbanization in Xi'an with scarce water resources are shown in Table 3 . In Scheme 1, in accordance with the current growth rate and the pattern of population and economic development, the demand for water resources of Xi'an will continue increasing substantially if the existing development mode is maintained. By 2020 and 2030, the level of urbanization rate Xi'an is projected to be 78.2% and 83.1% respectively, while its population will increase to 10.4 million and 12 million respectively, and the corresponding domestic residential water consumption will increase to 5.3 and 6.1 × 10 8 m 3 , respectively. Agriculture will remain as the 
For the three scenarios-natural development type, target-oriented type, and strict constraint type-the multi-objective optimization model was solved using OENSGA-II. Optimal thresholds for the scale of urbanization in Xi'an with scarce water resources are shown in Table 3 . In Scheme 1, in accordance with the current growth rate and the pattern of population and economic development, the demand for water resources of Xi'an will continue increasing substantially if the existing development mode is maintained. By 2020 and 2030, the level of urbanization rate Xi'an is projected to be 78.2% and 83.1% respectively, while its population will increase to 10.4 million and 12 million respectively, and the corresponding domestic residential water consumption will increase to 5.3 and 6.1 × 10 8 m 3 , respectively. Agriculture will remain as the largest water consumption sector. However, arable land will undergo a consistent declining trend, decreasing by 8000 and 16,000 hectares, respectively. The water consumption of the three industries are projected to increase substantially, especially the tertiary industry, whose total amount will be 2.4 times and 3.9 times of the current consumption in 2020 and 2030. It is noted that the growth of ecological water consumption is also significant, which demonstrates that the ecological environment protection policy is effective. Finally, under the natural development type, Xi'an's GDP will further improve, with the GDP threshold estimated to increase to 1260.3 and 1923.1 billion yuan, respectively, almost twice and three times that of 2016, but at a cost of much higher water consumption and sewage emissions.
However, we should be vigilant that in the light of the master plan of Xi'an city, the estimated currently available water resources are only about 1.894 billion m 3 , and yet, in 2016, Xi'an's consumption already reached 1.85 billion m 3 , or 97.7% of what is available. There are new water supply and water transfer projects under construction so that, by the 2020 and 2030, the amount of water available in Xi'an will be increased to 2.302 and 2.519 billion m 3 , respectively. According to the natural development type, Xi'an's usable water quantity is far from sufficient to support the city's urbanization and industrial development ( Table 3 ). The hindrance of limited water resources to urban development is more obvious under the natural development type.
Scheme 2
According to the government's target for urbanization and economic growth, by 2020 and 2030, the U r of Xi'an is projected to be about 79.5% and 82.9%, and the corresponding population will be 10.9 and 12. Moreover, agriculture will no longer be a major water sector. To achieve the economic growth target, it seems rational to re-distribute the utilization of water available for Xi'an, such that the tertiary industry with the lowest water consumption will be allocated with more water. By 2020 and 2030, the GDP threshold is projected to increase to 1808.7 and 2074.4 billion yuan, respectively.
Under Scheme 2, the water resources are expected to support more population and economic growth than Scheme 1, theoretically. However, despite utilizing its available water resources at full capacity, the economic growth is projected to slow down from 2020 to 2030, and the U r rate (82.9%) is lower than that of Scheme 1 (83.1%).
Scheme 3
Scheme 3 represents the implementation of the most stringent water-saving measures under very restrictive water constraints. By implementing effective irrigation practices and various water-saving measures, the agricultural water consumption in Xi'an is projected to fall by 19.7% in 2020 and by 27.3% in 2030. Furthermore, to safeguard food security and agrarian protection policy, the common arable land is expected to only decrease marginally by about 1.7% and 5.2% in 2020 and 2030, respectively. The sewage treatment capacity will be upgraded from 232. . Therefore, with the limited amount of water resources available, the rational approach is to allocate water resources more optimally between different water sectors, and, at the same time, economic and social development will continue progressing.
Scheme Comparison
The objectives under the three schemes are drawn in Figure 6 to compare them more evidently. In each scheme, the future years are much more progressive than the current year. Upon comparing Schemes 1-3 ( Figure 6 ), one can observe the significant reduction of Obj 4 (the amount of sewage discharged). Scheme 1 indicates that, even with a significant increase in the number of sewage treatment plants and the improvement of sewage treatment efficiency, the amount of sewage discharged into the environment will still be far from ideal or acceptable. Under Schemes 1-3, only Obj 3 of the four targets is projected to decrease marginally, while other objectives are expected to increase, particularly the GDP. It is noted that the GDP growth will be constrained by the availability of water resources, which will affect the economic development of Xi'an in 2030. Under Scheme 3, the economic threshold of Xi'an is projected to increase to 1890.3 and 2403.3 billion yuan, and the population to 11.0 and 13.9 million, in 2020 and 2030, respectively. Apparently, given its restrictive water constraints, implementing the most stringent water-saving and management measures seems to be the feasible solution for Xi'an.
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Estimation of City Construction Scale
According to the recommendations of the comments on the Xi'an city master plan (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) (2019) (2020) and the overall plan of land use in Xi'an (2014), the land area to undergo urban construction per capita should be 110 m 2 in 2020 and 100 m 2 in 2030. With respect to the projected urban population of Schemes 1-3 for Xi'an, the recommended urban construction areas are shown in Table 4 . Achieving such targets means fulfilling the scale of urban construction land area of 960 km 2 in 2020 recommended in the master plan of Xi'an city (revised in 2016). To be able to control the scale of urban construction, the most fundamental measure is to control the population, especially the urban population. In other words, rapid urbanization is often the result of a massive increase in urban 
According to the recommendations of the comments on the Xi'an city master plan (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) (2019) (2020) and the overall plan of land use in Xi'an (2014), the land area to undergo urban construction per capita should be 110 m 2 in 2020 and 100 m 2 in 2030. With respect to the projected urban population of Schemes 1-3 for Xi'an, the recommended urban construction areas are shown in Table 4 . Achieving such targets means fulfilling the scale of urban construction land area of 960 km 2 in 2020 recommended in the master plan of Xi'an city (revised in 2016). To be able to control the scale of urban construction, the most fundamental measure is to control the population, especially the urban population. In other words, rapid urbanization is often the result of a massive increase in urban population. Based on the three schemes, the scale of urban construction is projected to increase by 1-2 times in 2030 compared to 2016. If the urban infrastructure falls behind the influx of urban population, then problems of over-crowding in limited dwelling space and shortages in water availability will emerge. It is a concern worthy of serious consideration for the city of Xi'an. 
Conclusions
To explore rational thresholds of urbanization with limited water resources is of significance for attaining sustainable development and the economic growth of large cities. With water resources as the primary controlling factor, a multi-objective model was developed to optimize the economic and population growth and social development in a typical arid city, Xi'an of China. The OENSGA-II algorithm based on the OE-strategy was proposed to obtain optimal thresholds of urban development.
The case study of Xi'an indicates that a higher U r may not necessarily result in more total water consumption, but will result in more GDP, domestic water, tertiary industry water, and ecological water. With limited water resources available, meeting the future water demand in Xi'an will mainly depend on improving the agricultural water efficiency and the increase in water delivered to the tertiary industry. Additionally, there is evidence in Scheme 1 that the availability of water will not be sufficient to sustain the current trend of urban development. Scheme 3 is recommended because, with the implementation of the strictest water resource management, the thresholds of GDP can be extended to 1890.3 and 2403.3 billion yuan, and the population to 11.0 and 13.9 million (corresponding U r of 79.9% and 85.9%) in 2020 and 2030, respectively. The maximum urban area to be constructed based on the projected population will be 964.81 and 1197.6 km 2 in 2020 and 2030, respectively. It will be prudent for Xi'an to practice strict water resource management, and to allocate its water resources among various water sectors effectively and equitably to avoid major water shortage problems in the future.
It can be inferred that investigating the water deficit problems in rapidly urbanizing cities is essential for the economic and social development of large cities and the effective and equitable allocation of future water resources to competing water sectors. Moreover, it is also expected that this study could attract the attention of the urban cities which pertinaciously chase after better economic benefits and blindly expand the urban scale regardless of water scarcity. Moreover, it deserves attention in future studies whether the urban water shortage crisis and water resource distribution are changing under the impacts of climate change, which will require further efforts in future prospects. 
